Neighbor-joining, maximum-parsimony, minimum-evolution, maximum-likelihood and Bayesian trees constructed based on 16S rDNA sequences of 181 type strains of Bacillus species and related taxa manifested nine phylogenetic groups. The phylogenetic analysis showed that Bacillus was not a monophyletic group. B. subtilis was in Group 1. Group 4, 6 and 8 respectively consisted of thermophiles, halophilic or halotolerant bacilli and alkaliphilic bacilli. Group 2, 4 and 8 consisting of
INTRODUCTION

In recent years, numerous new species of genus Bacillus
were reported and at the same time, many new genera of Numerical classification based on a series of phenetic characters was used for classification of 368 Bacillus strains into 79 clusters (23) . After 1990, 16S rDNA has been successfully applied in determining phylogenetic 506 Wang, W. et al. relationships of the aerobic, endospore-forming bacteria, which played an important role in the creation of several families and genera of Bacillales (7) .
Nowadays 16S rDNA is a vital standard for taxonomy of the bacteria. Goto et al (9) used partial 16S rDNA sequence for rapid identification of Bacillus species. Then Xu and Côté (34) used 3' end 16S rDNA and 5' end 16S-23S ITS nucleotide sequences to infer phylogenetic relationships among Bacillus species and related genera. However, the two phylogenetic trees from the above two papers did not seem to be convincing because of less DNA sequences (69 and 40, respectively) and short sequence lengths (1057 bp and 220 bp, respectively). Almost complete 16S rDNA sequences with high quality from recently reported Bacillus species are accessible in GenBank, which become ideal data for phylogenetic analyses. Moreover, new softwares (25, 28) executing Bayesian or ML algorithm (11) and personal computer hardwares with high computing capability facilitate further study on phylogeny.
The primary aim of the current investigation was to establish phylogenetic relationships between Bacillus species and related genera by reconstructing 16S rDNA phylogenetic trees using several algorithms.
MATERIALS AND METHODS
Bacillus species, type species of the genera of Bacillaceae and type species of some families in Bacillales were selected for the phylogenetic study (LPSN updated date September 04, 2007). The 16S rDNA sequences of the type strains of the bacteria mentioned above were downloaded from the GenBank. If several 16S rDNA sequences from the type strain(s) of the same species were available, the longest one with the least non-AGTC characters would be selected. were run with four chains for 4,300,000 generations, with trees being sampled every 100 generations. The first 30000 trees were discarded as "burnin", keeping only trees generated well after those parameters stabilized.
RESULTS AND DISCUSSION
182 16S rDNA sequences were selected but the 16S Bayesian tree (Fig. 1.) was inferred by the GTR+I+G model while NJ (Fig. 2.) and ME (Fig. 3 .) trees were inferred by the TrN+I+G model (Gamma distribution shape parameter = 0.5854).
Although the phylogeny of some bacteria was different among the trees ( Fig.1 . to Fig. 5 .), the phylogeny of most bacteria studied was consistent. Therefore, nine groups could be set up from 181 taxa. Holder and Lewis (11) held that ML and Bayesian approaches were more advantageous than NJ, ME or MP methods, which was supported by the comparison of the five evolutionary trees. The Bayesian analysis of the 16S rDNA data set (181 taxa, 1603 sites) yielded a tree that supported with weak posterior probability (PP=0.5) the monophyly of nine groups (Fig. 1a) . In general, the supports for the different groups were stronger in the Bayesian tree than other trees. This was particularly noticeable for Group 6 (PP=1) and Group 7 (PP=0.98) (Fig. 1e ). Only in Bayesian tree were the supports (PP) for every group except Group 6 and Group 8 more than 0.5. We did not find any case where the other trees provided much stronger supports than the Bayesian tree for a given node in agreement with the general trend observed in the comparisons among these measures of statistical supports (16) . The topology of the ML tree was similar with that of the Bayesian tree and the bootstrap supports of the ML tree were higher than those of NJ, ME or Group 1 (28 species) contained B. subtilis, the type species of Bacillus, which was confirmed in other phylogenetic trees (Fig. 1b) . Group 2 could be clearly divided into two clusters (Fig. 1c) . B. cereus cluster included 14
Bacillus species (B. mycoides not shown in Fig. 1 (37) . The heterogeneity of the cluster implied that nine
Bacillus species might belong to several potential genera in order to make classification consistent with phylogeny. For example, B. insolitus and B. silvestris would have to be described as novel genera (27) .
Group 3 (32 species) contained more species than any other groups (Fig. 1d ), but it was not present in MP tree and less supported in NJ or ME tree (bootstrap proportion, BP<0.1). Group 5 was a minor group including eight species, which was accommodated in Group 1 in the NJ or MP trees.
In the ME tree, Group 5 was closely related to Group 1 while in the ML or Bayesian tree, it was related to Group 2. It followed that Group 5 was an individual group that could not be merged into Group 1 or 2.
Group 4 consisted of thermophilic bacteria (Fig. 1b) but the two groups were entirely separated in the Bayesian or ML tree (Fig. 1e, Fig. 5 ). Not all the species in Group 7 were halotolerant except B. hwajinpoensis and B. decolorationis, which were included in Group 6 according to Yoon et al. (36) . Nevertheless, our Bayesian tree and ML tree confirmed the position of the two halotolerant species was in Group 7 in agreement with the result of Nowlan et al. (21) .
The 16S rDNA sequences of the type strains in Group 8 and 9, which had distinct insert sequences between 89 to 90 bp (B. subtilis AB042061 numbering), showed marked differences from those in other groups. Group 8 consisted of alkaliphilic and halotolerant bacteria (Fig. 1e) except that B.
mannanilyticus was not halotolerant (20) . Caldalkalibacillus thermarum was a thermophile and a peculiar member of Group 8, of which the 16S rDNA showed similarity of less than 92% to those of other Bacillus species in Group 8.
Group 9 mainly consisted of the genera (excluding Bacillus)
of Bacillaceae (Fig. 1f) for phylogenetic analysis. Therefore, the taxonomic positions of the four species were doubtful. The low 16S rDNA similarities (less than 92.5%) between the latter three species and their respective closest relatives in Bacillus suggested the latter three species were worthy to be reclassified.
There were four Bacillus species outside the nine groups in the 181 taxa phylogenetic trees (Fig. 1a) . B. schlegelii and The evolutionary relationships among the nine groups differed much in the five phylogenetic trees. However, it was noteworthy that Group 8 was always an outlier of the other eight groups. Because of relatively high PP of more than 0.5, the phylogenetic relationships illustrated by the Bayesian tree, which agreed well with the ML tree, were more believable. In the five evolutionary trees, the phylogeny of the genera in Bacillales did not conform to the current wellknown taxonomic system (7) ( Table 2 ). The genera in
Bacillaceae except Bacillus were mainly in Group 9, 2 and 4,
while Vulcanibacillus was outside the nine groups, suggesting that it should be removed from Bacillaceae.
Caryophanaceae and Planococcaceae (represented by
Kurthia) were clustered in Group 2, confirming the result of Yoon et al. (35) and implying that they might be accommodated in Bacillaceae. Table 2 The relationship between obtained Bacillus species phylogeny and the current taxonomy. 
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